We review progress in the development and applications of superconducting nano-strip particle detectors. Particle detectors based on superconducting nano-strips stem from the parent devices developed for single-photon detection (SSPD) and share with them ultrafast response time (sub-nanosecond) and operation at a relatively high temperature (2 -5 K) with respect to other cryogenic detectors. SSPDs have been used in the detection of electrons, neutral and charged ions, and biological macromolecules. Nevertheless, the development of superconducting nano-strip particle detectors has been mainly driven by the use in time-of-flight mass spectrometers (TOF-MS) where the goal of 100% efficiency at large mass values can be obtained. A special emphasis will be given to this case, reporting the great progress achieved which permits to overcome the limitations of existing mass spectrometers represented by low detection efficiency at large masses and charge/mass ambiguity and could represent a breakthrough in the field. In this review article we will introduce the device concept and detection principle, stressing the peculiarities of the nano-strip particle detector as well as its similarities with the photon detector. The development of the parallel strip configuration is introduced and extensively discussed, since it has contributed to significant progress in TOF-MS applications.
Introduction
The history of superconducting particle detectors dates back to 1949 when Andrews et al. [1] reported the detection of individual α-particles using a superconducting strip. The phenomenon of superconductivity offers a variety of possibilities to realize radiation detectors, because the superconducting state is sensitive to various types of incident radiation in the form of both particles and electromagnetic waves. In the case of electromagnetic waves (photons) the covered electromagnetic spectrum is very wide and ranges from microwaves to γ-rays. Usually it is differentiated whether these detectors can discriminate single events, or if a constant flux of many photons sum up resulting in a measurement of the power. In this work we will confine our attention to the former type of detector which has the sensitivity and speed required to respond to a single quanta of incoming radiation, i.e. a single photon or a single particle. As quantum detectors for particles, superconducting devices are sensitive to α-particles, electrons, neutrons, neutrinos or dark matter in a wide range of energy from eV to MeV.
Superconducting detectors (SDs) are typically operated at temperatures close to absolute zero (the sub-Kelvin region) and thus have extremely high performance.
Research in this field, which is still growing, has traditionally been driven by the need for high energy resolution in X-ray, visible astronomy and fundamental physics. Because the energy quanta associated with superconductors and lattice vibrations (phonons) are more than one hundred times smaller, substantial improvements have been obtained in energy resolution and in sensitivity over conventional detectors. Over the last three decades several types of SDs have been proposed and successfully used in experiments and scientific missions as well as for more practical applications. Among them we mention transition edge sensors (TES), kinetic inductance detectors (KID), superconducting tunnel junctions (STJ) and superconducting hot electron bolometers (S-HEB). Much of the original work in this field can be found in the proceedings of the Low Temperature Detectors Workshops that have been organized with a bi-annual periodicity since 1987 [2] .
Thanks to the progress in the nanofabrication technology, in 2001 Gol'tsman et al. [3] demonstrated a new superconducting detector concept based on superconducting nanostrips. This type of device, known as the superconducting single-photon detector (SSPD) or superconducting nanowire single-photon detector (SNSPD), has a single-photon sensitivity in a range from visible to infrared wavelengths. SSPDs exhibit the remarkable property of recovery times and timing precision orders of magnitude faster than existing single-photon detectors based on semiconductors and superconductors. The ultimate response-time and sensitivity are obtained with ultra-thin thickness (5-10 nm) of the superconducting films, which are also patterned in very narrow nano-strips (so-called nanowires) of about 0.1 -1.0 µm width. In addition, SSPDs can operate at the boiling point of liquid helium (4.2 K) or a bit lower (2.5 -3.0 K), a temperature range now within the reach of the rapidly improving cryogen-free cooler technology, which is cheap and user-friendly. SSPDs have been the subject of intense interest over the past decade and many research groups around the world are contributing to the development of this device.
Significant advances have been made since their initial demonstration and SSPDs have now extremely fast response times with count rates beyond 200 MHz, timing jitter below 40 ps, low dark count rates in the order of 10 cps and detector detection efficiency > 90% at a wavelength of 1550 nm by using an optical cavity [4] [5] .
In 2008 the use of an SSPD was proposed and experimentally demonstrated [6] [7] in time-of-flight mass spectrometers (TOF-MS) as a detector of biological macromolecules with mass weight above 100 kDa [8] . In TOF-MS a crucial requirement is the detector response time: sub-nanosecond rise time on the pulse leading edge, good timing jitter for high mass resolution and decay time below 10 ns for high counting rate. This is within the SSPD capability which has the further advantage of an almost 100% efficiency which is independent of the molecular weight and is expected to remain constant when the molecular mass increases. The use of SDs in TOF-MS dates back to 1996 [9] [10] . The principal motivation at that time was the mass-independent efficiency provided by SDs which permitted to extend the sensitivity of modern MS instruments to very large mass values (above 1,000,000 Daltons), into the realm of the DNA fragments, proteins, and protein complexes. Unlike MS detectors based on secondary electron emission like microchannel-plates (MCPs) or secondary-electron-multipliers (SEMs), which are the off-theshelf technology for the TOF-MS, SDs do not rely on the secondary electron mechanism but are sensitive to phonons created by a single particle impact. A single impact of a heavy ion with a kinetic energy of tens of keV even with a low velocity may ultimately produce hundreds of thousands of phonons, which can be detected in a SD. In the past two types of SD were proposed and successfully used in TOF-MS applications: STJ [9] and hotelectron microcalorimeters [11] . Since mass spectrometry has become an increasingly important biomolecular research tool, this application represents a significant commercial target. Perhaps no tool has been as instrumental to the proteomics revolution as the mass spectrometer because these machines enable researchers to identify and quantify proteins.
In fact, the basic mass spectrometer measures an ion's mass-to-charge (m/z) ratio. This enables peptide mass fingerprinting, which is the identification of a protein based on the specific group of peptide masses it produces. Motivated by the impressive impact of MS instruments in labs all over the world, efforts for the realization of TOF-MS instruments with superconducting detectors were immediately undertaken and a commercial version, the Micromizer, appeared in the market [12] . However, the progress in this direction became soon difficult, mainly because both STJ detectors and hot-electron microcalorimeters were characterized by a slow response time (microseconds) and sub-Kelvin temperatures (100 -300 mK) were necessary to operate the SDs. The cryogenic apparatus to reach such low temperatures was expensive and not user-friendly at that time. For this reason, TOF-MS instruments based on the SD-technology were not able to compete with conventional instruments.
SSPDs are an excellent candidate for TOF-MS because both the limitations in speed and operating temperature can be overcome. A serious drawback, however, was the very small size of a single-pixel because SSPDs rely on very narrow strips. In the very first proposal [7] , the SSPD area was actually 50×50 µm 2 only, smaller than STJs and far below the TOF-MS requirements. Significant progress has been made since that time and nowadays the SSPD detection area is more than three orders of magnitude larger, so that the typical molecular beam size (~ cm 2 ) can be easily covered with an array of ten SSPDs [13] .
The use of SSPD is not confined to TOF-MS applications, although this remains the main application of this device as a particle detector. In 2009 the Arndt Group in Vienna [14] [15] presented a proof-of-principle study of SSPD for the detection of individual neutral molecules/nanoparticles at low energies. The detection of isolated neutral molecules and nanoparticles in the gas phase is a challenge for many experiments that range from physical chemistry and environmental monitoring, to the quantum matter wave interferometry of macroscopic objects [16] . While in TOF-MS one has to detect massive molecules (mass >10 5 Da) with a kinetic energy of 10-30 keV, similar to the energy of Xray photons, in this case the challenge is to detect relatively light neutral particles (mass < 10 3 Da) with a small kinetic energy (< 1eV), similar to the energy of mid-IR photons. In another study on the origin of the detection mechanism, SSPDs were also used to detect Argon ions (Ar + , Ar 2+ , and Ar 3+ ) accelerated with a voltage of 0.6 -3.0 kV [17] . Last, we mention the work of Rosticher et al. [18] that reports the detection of single-electrons with keV energies emitted from the cathode of a scanning electron microscope with an efficiency approaching unity. The variety of particles demonstrates the great versatility of SSPD as particle detector and motivates the interest in developing such device not only as a photon detector.
In spite of the fact that the device is practically the same, different acronyms have been used in literature when the SSPD was used as a particle detector: SSLD (superconducting strip-line detector) or SSID (Superconducting Strip Ion Detector) or SSED (Superconducting Single Electron Detector). The nomenclature of this type of devices is confusing, so that there is a demand for international standardization from the community.
The problem has now come to the attention of the Technical Committee Working Group of the International Electrotechnical Commission (IEC TC90-WG14) which is working in collaboration with IEEE for naming superconducting sensors and detectors. According with their indication [19] the word "strip" or "nano-strip" may be suitable, since the ISO definition for "nanowire" applies only when the structure has similar cross-sectional dimensions d and w that differ in size by less than three times in a range of 1-100 nm, which is not the case in our context. On this basis and taking advantage from the circumstance that the words "photons" and "particles" have the same initial, in this work we will adopt the acronym "SSPD" which in our case (particle detection) stands for Superconducting Strip Particle Detector. SNSPD (Superconducting Nano-Strip Particle Detector) will be also used to stress the use of a nano-structured superconducting strip.
Superconducting Strip Particle Detectors (SSPDs)

Device concept
A SSPD is made up of many narrow strips (nanowires) of width w and thickness d placed side-by-side, and usually arranged in a meander geometry to increase the sensitive area and the collection efficiency, as shown in figure 1 . The principle of operation of a superconducting single-particle detector essentially derives from its parent device, the superconducting single-photon detector and is based on a current-assisted mechanism. The nano-strips are typically cooled well below the superconducting critical temperature, T c , and biased at a current value slightly smaller than the critical current, I c . The energy of a single-particle hitting the strip surface generates a local zone of suppressed superconductivity. The subsequent energy cascade and production of excitations which leads to the detection response may be different in the case of photon or particle absorption. This aspect will be discussed later. For the moment, it is sufficient to say that a normally-conducting (non-superconducting) spot is produced at the location of the particle impact in a way similar to what happens in the case of photon absorption. The supercurrent is forced to flow around the normal zone, the so-called hotspot, through the two lateral sides which remained superconducting. Since the hotspot expands, the current density in the lateral sides of the strip increases and can reach the critical value. At this moment, a resistive region of the order of kΩ appears over the entire strip cross-section and a large portion of the current is diverted out of the strip-line onto the electric load, R L , (typically ~ 50 Ω) of the readout circuit, generating a voltage with a magnitude proportional to the diverted current. As the consequence of current deviation into the load, the current in the strip reduces and the Joule heating also decreases, then the hotspot collapses allowing the restoration of the superconducting state. The current can return back to the strip and the SSPD is ready for another detection event. The resistance and thus the response appears due to the collaborative effect of the bias current and the growing normal domain. The complete detection cycle is illustrated in figure 2. This detection mechanism requires narrow and thin nano-strips in order to guarantee that the entire cross-section of the strip becomes normal and the detection cycle takes place in a very short time. The nano-strip cross-section (d × w) can be adjusted in accordance with the amount of energy released by the impinging quantum of radiation: low energetic particles will require small cross-sections while larger cross-sections will be suitable for high energetic particles.
The SSPD is inserted in a bias and readout circuit as shown in figure 3 (a). The DC bias current is typically supplied through a bias tee and the output pulses are readout by a room temperature amplifier via a coaxial load line which is schematically described here as a load resistance R L placed in parallel to the SSPD. The external inductance L takes into account the inductance of the wiring and the presence of a possible external inductance which can be mounted to slow down the fast output pulses. When a particle hits the strip and the normal region appears, the current is diverted into the load as shown in figure 3 
The electrical equivalent of the SSPD is also shown in figure 3 : an inductor L k , the kinetic inductance of the superconducting strip, in series with a parallel block made of a resistor R n , (the resistance of the normal domain) and a switch. When the strip is in the superconducting state the switch is closed and shunts the resistor (see figure 3(a)); after the arrival of a particle, the switch opens and adds the resistance R n in series to the kinetic inductance L k (see figure 3 (b)). The voltage pulse across R L has an amplitude equal to I d /R L , where I d is the part of the bias current that was diverted from the SSPD onto the load.
As first demonstrated by Kerman et al [20] , the rise time and the decay time of the output voltage pulse are both proportional to the kinetic inductance of the strip:
, where λ L is the London penetration depth of the superconducting material and l is strip length.
Particle detection with superconductors
For a particle stopped on the surface of a superconductor, the predominant initial excitations produced by the energy transfer are phonons. In the case of SSPD as a detector of ions with keV energy as in TOF-MS, a possible scenario is described by Casaburi et al. [21] . On average the primeval phonons produced after the particle impact carry the Debye energy. The energy of these phonons is typically much smaller (tens of meV) than the energy needed to produce secondary electrons or electronic excitations (~ eV) as in conventional ionization detectors. Because of their short lifetime (1-2 ps), these phonons interact with the superconducting condensate via pair-breaking processes and create the normal region, the hotspot, with many highly excited electrons. In the subsequent tens of picoseconds (~ 70 ps) the excited electrons diffuse, multiply, and decrease their excitation energy to about 3Δ, where Δ is the superconducting energy gap [22] [23] . At this stage the effective quasiparticle lifetime τ qp is prolonged due to the phonon contribution and can be written as
where τ R is the recombination time, τ ph-e is the phonon-electron interaction time and τ es is the phonon escape time into the substrate [24] . The quasiparticle lifetime τ qp is thickness dependent because τ es = κd, where κ is a constant that depends on the phonon transmission coefficient from the strip into the substrate [25] . Because the quasiparticle diffusion is much more extended than d, the perturbed volume is roughly cylindrical in shape with a radius r = (Dτ qp ) 1/2 , where D is the quasiparticle diffusion constant, and occupies an area A qp = πr 2 which scales linearly with d. Since the efficiency increases with A qp , the efficiency increases with the strip thickness d. This has been experimentally verified by Casaburi et al [21] and provides a support in favour of the described scenario. This result produces a marked difference with the situation when a SSPD is used for detection of IR photons where the efficiency decreases with the strip thickness.
In experiments with He ions performed at lower energy (see Table I ) there was evidence that almost 99% of the incident ion energy is not transferred to the electronic system of the superconductor. [15] The authors pointed out the role of surface adsorbates that accumulate on the cold detector surface and act as a damping cushion. This problem of surface contamination can be common also to the case of TOF-MS, although is less relevant since no effects have been observed, probably because of the higher energy of the impacts and phonon propagation through the surface contaminant that is solid at low temperatures. In fact, it was reported that the phonons produced by the impact of 3 keVacetyl-ions (CH 3 CO + ) on the 700 nm-thick SiO 2 insulation layer that covered the top Nb electrode of an STJ broke Cooper pairs in the Nb electrode [26] . Moreover, the SSPD used in Ref. [15] had a thickness of only 4 nm, and this, as shown above, may cause a decrease in the efficiency of the energy transfer process due to phonons leakage into the substrate.
Detection mechanisms: hotspot and vortex-based models
While progress has been made in understanding several aspects of SSPDs, many details of the detection mechanism in such detectors are still unknown. As illustrated in Section 2.2, it is thought that the result of the absorption of either a photon or a particle is the destruction of Cooper pairs and the production of a cloud of quasiparticles. [27] [28] This process induced a breakdown of the superconductivity, resulting in a normal cross section.
Currently, there is no consensus on a microscopic model based on the normal-core hotspot for the detection event in SSPDs as it was described in section 2.1. [29] In the case of photon detection, Renema et al. [30] [31] gave a significant contribution to the discussion individuating different possible scenarios that could be responsible for the detection process. Following their argument, the first issue is whether the detection event occurs when the energy of the incident photon causes a cylindrical volume inside the strip to a transition to the normal state [3] , or whether it is enough for the superconductivity to be weakened but not destroyed by the depletion of Cooper pairs over a more extended region. [27] The second issue is whether magnetic vortices play any role in the detection mechanism. There are two vortex-based models. The first is an extension of the normalcore model, where, a vortex-antivortex pair (VAP) forms at the point where the photon is absorbed [32] . In the second, the weakening of superconductivity lowers the energy barrier for either a vortex crossing [33] [34] The above problem has been also investigated in the context of particle detection [17] .
Experiments that measured the dependence of the detection efficiency on the bias current and the kinetic energies of Ar ions demonstrated that the hot-spot model governs the keV ion detection. This is understandable, as a single injection of a large amount of energy will be enough to break all the Cooper pairs at a single position along the strip, leading to a normal-core scenario. There must therefore be a typical energy where the diffusion-based scenario gives way to a normal-core scenario. The detection efficiency in the kinetic energy range of 0.5-9 keV was well explained by the hot-spot model that assumes the proportional relationship between the hot-spot volume and the kinetic energies of Ar ions.
Hence, it was suggested that the transition to the hotspot scenario should occur at an energy higher than a certain energy threshold which depends on the particular configuration and material used for the nano-strip [31] . The hotspot formation mechanism is valid for biomolecules that have more complex structures. More recently, in the case of 
Tailoring the strip size for a specific application
As we have seen in the introduction, SSPD can be used as a detector of very different particles: high energetic molecular ions in the case of TOF-MS, light and slowly moving neutrals molecules in the case of quantum interference experiments or high energy electrons. All types of particles considered so far, except electrons, are stopped at the surface of the superconducting film where they release their energy. This energy is converted in phonons which initiate the cascade to break Cooper pairs and produce the interaction. Problems related to reflection and inefficient absorption, which affect the photon detection, are therefore less relevant here. SSPDs present an absorption efficiency nearly equal to unity. Even with such an efficient absorption, the energy conversion factor can be less than unity since a consistent portion (of the order of 30-40%) of the energy of the phonon system can be lost [11] . The important issue is how to retain a sufficient amount of energy in the form of phonons in the thin strip of a SSPD in order to produce a sufficiently large perturbation that can induce the detector response. In this sense, the nano-strip cross-section (d × w) must be tailored for the specific application. For instance, in the case of high energy particles the stringent constraints about the nano-sizing of the strip width and thickness can be relaxed and much thicker and wider strips can be used.
Therefore, as described later, SSPDs with a recovery time of less than 1 ns and a large detector size over 1 mm can be realized with thicker and wider strips with the assistance of the parallel configuration. The strip cross-sections that were used for each specific application are listed in Table I .
Meander-SSPDs
TOF-MS with meander-SSPDs
TOF-MS is the main application of SSPD as particle detector. In MS, ionized analytes are accelerated by a static voltage (V = 3 -30 kV), acquiring a kinetic energy of zeV, where e is the elementary charge and z is the unit-charge number. The ions are separated either spatially or temporally, and are detected by an ion (particle) detector. The spatial or temporal separation by an electromagnetic force leads to the same result for any ion species having the same mass/charge (m/z) ratio.
One type of the modern MS analyzers is based on time-of-flight (TOF) spectroscopy, which measures time lags between the acceleration and detection after field-free flight for a certain distance (L TOF ). Figure 4 (2)
The first successful detection of biomolecules with an SSPD can be found in ref. [7] and [37] and the result is shown in figure 5 , which shows the mass spectrum of a peptide, Angiotensin I, a standard sample for calibration with a mass weight of 1296. The spectra were obtained by meandered-SSPDs with the sensor sizes of 200 × 200 µm 2 and 50 × 50 µm 2 that were mounted in a cryostat at the end of the TOF-MS flight tube. A practical instrument realized at AIST in Tsukuba, Japan, is shown in figure 4(b) . The cryogen-free cryostat is added to a commercial instrument to cool down the SSPD. The picture shows the setup for the linear mode. the detector area to larger sizes because the meander geometry is severely limited by the kinetic inductance that is proportional to the strip length: the largest SSPD had the worst response time. We will see in Section 4 how this limit can be overcome by a different SSPD architecture.
Charge discrimination and true mass spectrometry.
Some specifications for an ideal MS detector are listed in Koppenaal et al. [39] Among them there is no charge-state derivation because it is essentially impossible by using conventional MS instruments. All parts of conventional MS instruments have no ability to measure charge states (ze). It is therefore impossible to distinguish ion species with the same m/z value but different charge states (m/z overlap). In order to determine the m values, speculation about z values is required. Hence, a strict definition of mass spectra obtained with traditional MS instruments should be m/z spectra, because the horizontal axis is m/z. It is worth to mention that the charge-discrimination problem can be solved by using STJ detectors [40] , which can measure the kinetic energy of single molecules. The independent measurement of E = zeV actually provides a tool to resolve the ambiguity of Eq.
(2) and the mass can be obtained via the expression:
where the TOF and E values are obtained from two independent measurements.
Charge discrimination is an added value because it is possible to eliminate the charge/mass ambiguity of conventional instruments and realize a "true" mass spectrometer.
SDs can solve this fundamental problem by measuring charge states: a typical example is seen in the 14 N + and 14 N 2 2+ ions, both of which have exactly the same m/z value of 14,007.
The minority ions of 14 N 2 2+ were never detected because the majority ions of 14 N + masked the m/z peak before the use of STJs. Detection of the doubly-charged ions is important for investigating atmosphere escape from planets. Thanks to the property of charge discrimination the interest for STJs is still alive [26] , [40] . However, in an STJ the kinetic energy measurement is followed by the dead time of 1-20 µs, which is unreasonably slow for modern high-resolution time-of-flight analyzers. Suzuki at al. [41] demonstrated that, behind the nanosecond response, the short recovery time, the wide mass range, and low noise, SSPDs also possess the charge-state derivation ability. This was possible by subtracting data at different bias currents that determine detectable lower threshold energies of ions. The SSPD used in their work was a meander SSPD cooled to 4K.
Molecule detection experiments were carried out by using chicken egg white lysozyme (14, 305 Da) . The lysozyme molecules were ionized by a MALDI source that produced mainly singly-and doubly-charged ions, and a negligible amount of triply-charged ions. detect ions with z values more than 2 by adjusting the bias point. By subtracting two spectra measured at different bias points, it is possible to obtain the ion intensity for each charge state.
Parallel-SSPDs
As is often the case in applied nanotechnology, devices based on nano-structured elements have to reach micro-meter (SSPD for photon detection applications) or even millimetre (SSPD for particle detection in TOF-MS applications) size to be comparable with either the core diameter of optical fibers or the diameter of molecular beams in TOF-MS. For this reason, the nano-strips are assembled with a meander shape, as the one shown in A smart solution to overcome this inconvenience is provided by the pure parallel architecture (we call it the Type-0 configuration) as proposed by Ejrnaes et al. [42] [43] where two or more nano-strips are assembled in parallel. In figure 7 . According with Eqs. 1(a) and 1(b), this means that the same number of strips will cover the same area but the parallel configuration will produce a device which is n 2 times faster than the meander. The improvement in speed is not the only favourable property of the parallel configuration, as it will be clear in next sections.
In Type-I configuration of parallel strips [43] , n P ( > 1) parallel nano-strips form a single-block and the SSPD area is compiled from n B ( > 1) blocks in-series-connected.
This configuration mimics the serial connection used in the meander-SSPD, with the difference that each element has n P times lower inductance while it covers n P times more area. In the limiting case of n B = 1, one has the "pure" Type-0 configuration, whereas if n P = 1 one has the "pure" meander configuration. In Type-II SSPD [44] , the same area is compiled by folding n S nano-strips in meander fashion and n P meanders are then connected in parallel to realize the same active area. Both the architectures should have the same performances in terms of response time and signal amplitude, given that the total number n of single-strips is the same, each elementary strip has the same length l 0 and is characterized by the same critical current I C,0 . In this case, the following relationships
hold independently from the particular architecture. The overall behaviour of these two types of architectures can be different, however, for what concerns the possible working regimes and the aspects related with the latching phenomenon, as it will be described in the next sections.
Working regimes
A parallel SSPD can work in different regimes. The most popular is the cascade or avalanche regime [42] [43] [44] which provides not only high speed but also signal amplification. The cascade is triggered when the bias current is above a certain threshold value and stems from the redirection of the bias current from the struck nano-strip into the other parallel nano-strips. At lower current values, a click from the detector can also be recorded, due to the collaborative effect of an event absorbed in a nano-strip, which arms the remaining parallel strips, which then clicks at a second event absorption. Again this latter can trigger a cascade so that the arm-and-trigger regime can be viewed as a subcategory of the cascade regime.
Very different from the cascade is the single-strip-switch regime where avalanche does not occur and the click is produced by a portion of the bias current from a single strip switched to the normal state by an event absorption. [45] [46] This regime was observed in parallel-SSPDs with large nano-strips cross-sections that carry such a high current which was sufficient to produce a voltage signal across the load resistance with an amplitude well above the noise level. Cascade and single-strip-switch regimes will be described in 
The cascade or avalanche regime
In the cascade switch mechanism [42] , the electronic signal pulse induced by photon/particle absorption in a single nano-strip is generated when the switch to the normal state occurs in cascade in all the parallel nano-strips. The critical issue is to find the proper configuration that guarantees the occurrence of the cascade switch. For the sake of simplicity, let us refer to the Type-0 architecture of figure 7(c). In detail, all nano-strips are biased with a current slightly below their critical current. When one nano-strip switches to the normal state after absorbing a particle (initiating nano-strip), part of its current is redistributed among the still-superconducting nano-strips in parallel (secondary nano-strips) and R load . The cascade occurs if the redirect current is sufficient to overcome the critical current of each individual nano-strip so that an avalanche is produced and the entire bias current is diverted into the load. To properly trigger the cascade switch of all the secondary nano-strips, at the initial stage that follows the switch of the initiating nanostrip it is necessary that the current remains confined in the parallel nano-strips and is not immediately diverted into the load. This condition can be obtained by inserting an inductance L s in series with the block of parallel nano-strips to confine the current during the initial current redistribution. Since the inductance has the role of preventing that current is diverted into the load, it is sufficient that its value is roughly equal to the inductance of a single strip L 0 . Moreover, if the bias current is higher than a certain minimum threshold current, I thr , the redistributed currents will induce the switching to the normal state in all the parallel nano-strips. At this point, the bias current will finally deviate onto the load and the signal appears. Since the deviated current is the sum of the currents in all the parallel nano-strips, a large signal is produced. When the current is finally flowing through the load rather than in the detector, the Joule heating in the nanostrips decreases. This allows the cooling to restore the superconducting state, which will make the current return into the SSPD. The balance between the cooling power and the speed of current return to the SSPD is responsible for restoring the sensitivity again. The optimal balancing can be realized again by a proper choice of detector inductance.
The presence of L s is important for reliable triggering of the cascade switch mechanism.
If too low an inductance value is used the probability that a particle impact event does not trigger the cascade switch will increase. When the cascade switch does not occur the parallel strips are no longer homogeneously biased. The change of the bias current distribution among the parallel strips will be discussed in section 4.2.2. This negatively affects the subsequent performance of the detector because the strips with different bias levels will respond with different efficiencies.
In the cascade regime, L s will also increase the overall detector inductance, with a negative effect on the maximum signal repetition rate. When there is a need for the cascade regime and an extra inductance is necessary, the latter can be realized with other blocks of parallel nano-strips (Type-I architecture of figure 7(d) ). In this way one also simultaneously contribute to an increase of the total area of the parallel-SSPD since the inductance is made of active detection elements. To obtain the optimal performance, a proper choice of the number n P of parallel nano-strips in a block and the number n B of blocks must be made [47] .
As described above, in the cascade or avalanche mode the signal amplitude is the sum of the currents in all the parallel nano-strips. Hence, one obtain assort of signal amplification, which is proportional to the number of parallel nano-strips (
This intrinsic amplification is very attractive in applications when there is a need to push the SSPD sensitivity into the sub-eV region of longer wavelengths to detect far infrared photons or to detect very low energetic particles. In this cases, better sensitivity can be obtained by decreasing the nano-strip's width: SSPDs based on few-tens-of-nanometerwide strips are expected to efficiently detect mid-infrared photons at longer wavelengths (~ 3000 nm) for instance. However, the reduced strip cross-section will result in lower bias currents and in turns in a degradation of the signal-to-noise ratio because the output signal amplitude is proportional to bias current value. The parallel architecture working in the cascade regime provides better signal-to-noise ratio and overcomes this limitation as suggested by Marsili et al [44] .
An extensive investigation of the cascade switch (or avalanche) regime was made in a series of papers by Marsili et al. [44] , [48] , [49] . Although these works refer to the Type-II architecture, most of their results apply as well to the other case. Ideally, no current from the initiating strip should be diverted to the load before the secondary parallel nano-strips have switched to the normal state (this ideal operation mechanism is called perfect redistribution). However, in practice, the current leaking, I leak , to R load can be substantial.
It was found that, depending on r (the ratio between I leak and the current redistributing to all the secondary nano-strips )
) and on I bias , devices could exhibit: (1) correct operation as single-particle detector (avalanche regime); (2) operation in arm-trigger regime as two-or n-particle detector. In ref. [44] and [48] it was suggested that for I bias > I thr , each hot-spot nucleation event triggers an avalanche. For I 1 < I bias < I thr , we are in the arm-trigger regime where two subsequent hot-spot nucleation events are necessary to create one avalanche. According to the analysis of the device operation conducted in ref [42] perfect redistribution implies that the cascaded switch works in the current bias range I C (n p −1)/n p < I bias < I C . To take into account the fact that in practice it may happen that I leak ≠ 0, a determination of I thr , can be obtained from the electro-thermal model [44] , [48] .
The series inductance L s influences the electrical time scale of the SSPD. This is true independently if it was realized as an added external inductance or by means of the Type-I architecture. Indeed, when the electrical and thermal-relaxation time scales become comparable, superconducting-nano-strip-based detectors appear to malfunction by either latching or afterpulsing, depending on the detector architecture and electrical environment [49] [50] . Latching occurs when the SSPD does not return to the superconducting state after a detection event. The occurrence of latching effectively stops the detector from responding to subsequent particles arrivals, even if the bias current is lower than the critical current. Latching is detrimental because it inhibits detector operation in the bias region of high efficiency. This phenomenon is also observed in meander-SSPD, but parallel-SSPDs are particularly susceptible to latching, probably due to the fact that operation is faster while energy dissipation in the detector is higher. Experimentally, this manifests itself as a need of large detector inductance values as increased n P is used, to achieve proper operation [43] . By realizing the inductance with sensitive nano-strips (Type-I) one can achieve fast operation of large area detectors. Latching in parallel-SSPDs can be avoided, for a fixed load of 50 Ω, by properly choosing the number n P of parallel nano-strips according to the needed detector area. Smaller detectors use smaller n P whereas larger detectors can use more parallel nano-strips without triggering the latching phenomenon. It is also likely that larger n P can be used if the load resistance is reduced.
According to ref. [51] , this could make the SSPD faster because the inductance can be reduced more than the load thereby lowering the time constant that limits the return of the current into the detector. This possibility comes at the cost of reduced signal pulse amplitude and therefore also reduces the signal-to-noise ratio of the detector signal.
Afterpulsing in parallel-SSPDs is likely due to the thermal relaxation dynamics of the superconducting nano-strips. This phenomenon was investigated by Marsili et al. [49] , and is the consequence of the more or less fast recovery of the superconducting state in the nano-strips. The effect of reducing the L s value to make the SSPD fast was investigated, and it was observed that parallel-SSPDs with low L s (r > 0.1) emitted trains of current pulses when biased at a lower current than the onset of the arm-trigger regime. Moreover, the desired decrease in the detector reset time came at the price of an increase in the avalanche current, which decreased the bias range for the correct operation of the devices.
Below a certain limit shorter reset times produce afterpulsing. This can be due to the device materials and geometries: therefore, engineering the thermal environment of the superconducting nano-strips (by properly choosing the substrate material or surface preparation or by patterning thermally conductive materials on the nano-strips) may result in a decrease of the thermal-relaxation time, which is required to allow reducing the detector reset time. Worthy of note is that afterpulsing was never observed in TOF-MS experiments with a parallel-SSPD.
The single-strip-switch regime
Parallel-SSPDs with Type-I architecture has been extensively used in the development of large area detectors for TOF-MS. In this investigation it turned out that device could not be operated in the avalanche mode because after any detection event the device latched.
Anyway, as the diverted current from the hit strip onto the load is sufficiently large it was not necessary operates it in the avalanche mode and the detector could have been conveniently operated in the so-called single-strip-switch regime. To understand the reason for this choice one has to note that the achievement of large areas with parallel-SSPDs was accomplished both by increasing the total number of strips and the strip crosssection (w×d). As the consequence, the absolute value of the bias current flowing thorough a single strip as well as the absolute value of the total bias current flowing in the device were very large. For instance, in ref. [46] This is reasonable because the current diverted into the load impedance of the read-out was only 0.01-1% of the current flowing in a single nano-strip that a particle impinged upon, but it was sufficiently large to overcome the noise level. Part of the current is also diverted into the neighbouring parallel strips of the block but it was not sufficient to trigger the cascade switch. On the other hand, the operation at higher bias current to enable the cascade regime is useless because it would lead to latching. As we have seen, in the single-strip-switch regime (also referred as partial switching) only the impacted strip is driven into the normal resistive state while the other strips in the detector remain in the superconducting state. This occurs when I bias is smaller than the threshold value for cascade triggering.
In the single-strip-switch regime the generated output pulses have non constant amplitudes varying over a large range of values, a circumstance that indicates a nonuniform current distribution among the parallel strips. The bias current in the impacted nano-strip probably does not recover its initial value when superconductivity is restored after a detection event. The diverted current is redistributed as an extra current among the n P -1 parallel nano-strips of the block. After some detection events, a non-uniform distribution of the bias current is established among the strips in the block with the consequence that some strips are biased at lower and others at higher currents compared to the initial bias current distribution. In recent papers [52] [53] , both the current recovery after detection events and the current redistribution among parallel strips after output pulse triggering have been investigated in order to gain insight into the factors governing the output pulse amplitude and explain the considerable spread in the pulse amplitude distribution [13] , [46] . The effect of the current redistribution among parallel strips after each detection event could also explain why the efficiency of the detectors it does not increase at increasing of the sensitive area as pointed out in [52] . The experiments used a nano-optical technique, which probed individual nano-strips in an especially designed SSPD with intense laser shots. The ad-hoc geometry consisted of six parallel strips spaced such that they could be individually illuminated. The measurements demonstrated that the initial current distribution was not uniform but governed by the London theory, with a typical penetration profile dominated by the magnetic penetration depth. Moreover, the key characteristic of the single-strip-switch regime was that the fired nano-strips recovered the superconducting state after firing but did not recover the initial bias current. Therefore, the nano-strip generated only one pulse and then became insensitive to further particle arrivals unless the bias current was reset or several other nano-strips were fired. From energetic consideration of the current and the auto-induced magnetic field in the device and by observing the distribution of generated pulse amplitudes, there is evidence that the London model governs the current redistribution in the parallel strips also after the initial nano-strip switch event. These studies serve as a useful guide for the future development of the next generation of high efficiency parallel SSPDs with large active areas for TOF-MS applications. It is worth mentioning here that the possible integration of resistors in series with the parallel nano-strip may represent a viable solution to restore uniformity and increase the bias current level to obtain higher efficiency. Experimental results of SSPDs with series resistors will be described in the section 4.2.2.
A comparison between Type-I and Type-II architectures is mandatory to investigate the subtle differences between these two architectures that apparently should have a similar behaviour. A first attempt in this direction was made by Zen et al [54] . Finally, the current non-uniform redistribution can result in a different efficiency for lowly-or highly-energetic ions. In fact, nano-strips with low bias current will become sensitive to double charged ions (z = 2) while nano-strips with a higher bias energy will likely respond to the arrival of singly charged ions (z = 1) [41] . It has been hence envisaged that the phenomenon of efficiency change could enable charge discrimination in parallel-SSPDs [13] .
TOF-MS with parallel-SSPD
The TOF-MS application is the most demanding for response time and area coverage.
Widely used ion detectors such as MCPs or SEMs have a nanosecond ion-counting capability necessary for a resolving power (m/Δm) over 10,000, and a cm size covering the molecular beam. As described in Section 3, the first SSPD for TOF-MS had a sensitive area of 50×50 µm 2 and showed a τ r of 360 ps and pulse decay time, τ d , of 9 ns [7] .
However, with such a small device area, an array of about 4 ×10 4 SSPD pixels is necessary to cover the desired area of 1 cm 2 of the molecular beam and this large number of pixels is hard to handle in a compact cryogenic apparatus. Attempts to increase the SSPD area to 200 × 200 µm 2 [38] by using a larger number of longer strip-lines caused τ r to increase up to 1 ns. In 2009 Casaburi et al. [45] first proposed the use of parallel-SSPD with a Type I architecture as a proof of principle device to demonstrate the capability of this configuration. In this work an area of 200 × 200 µm 2 was covered by assembling n B = 39 blocks in series, each having five Nb parallel nano-strips (n p = 5). The measured response times of the signal pulses were τ r = 400 ps and τ d = 500 ps, much faster than a similar meander fabricated in the same condition which had τ r = 10 ns and τ d = 26 ns.
Soon after, in ref. [46] it was demontrated the good performance of a parallel-SSPD with the remarkable area of 1 × 1 mm 2 . The device consisted of 51 series connected blocks, each with 10 parallel strips. The response times were τ r = 520 ps and τ d = 920 ps, still in the sub-nanosecond region. A spectrum of the multimers of immunoglobulin G (IgG, 146 kDa) obtained with this device is shown in figure 9 . It confirms the detection capability in a molecular weight range from 1000 to 600 000. The inset helps in the visualization of the peaks at large mass values by plotting a portion of the spectrum in a logarithmic scale. The peak intensity decreases with the TOF, reflecting the fact that the abundance of the multimers in the molecular beam decreases as the multimerization number increases. The recognizable IgG multimer peaks up to tetramer (584 kDa) indicating high sensitivity for large molecules. The largest area obtained so far with parallel-SSPDs is 2 × 2 mm 2 [13] , [54] while keeping τ r = 500 ps and τ d = 9 ns [13] . A TOF-MS spectrum obtained with such a device with Type-I architecture is shown in Figure 10 . 
Comparisons of Type-I and Type-II parallel configurations
Despite the same cross section of strips and the same number of parallel strips, detection properties of Type-I and Type-II configurations are different in several points [54] . First, I c of Type-I is about half of that of Type-II. Second, the time constant in Type-I is faster than that in Type-II. Although the origins of these phenomena are still under investigation, the different geometric structure should play an important role in these differences. For example, a self-magnetic field created by the bias current in a superconducting strip is cancelled in Type-II (see figure 7 (e)) where the strip has the going and returning configuration, while it is not cancelled in Type-I (see figure 7(d) ). In addition, the output pulse height of Type-I is 1-2 orders of magnitude smaller than that of Type-II. Because a single block of Type-I consists of short strips in parallel ( figure 7(d) ), its kinetic inductance is so small that the output current easily diverts inside of the block. Therefore, a small portion of the output current flows to the load resistor and the output pulse height becomes small. Some of them are so small that they are buried under a noise level, which results in the ion count loss. On the other hand, an output pulse height of Type-II is large enough above the noise level. Because Type-II consists of the long meander strips arranged in parallel, of which the kinetic inductance is large ( figure 7(e) ), a sufficient amount of output current flows to the load resistor. It is noteworthy that no preamplifiers are necessary for Type-II SSPDs.
The pulse heights of output signals of Type-II widely distribute, as is expected from the initial bias current distribution determined by the London theory [52] [53] . Circuit simulations reveal that the wide distribution of output pulse heights is caused by the redistribution of the bias current among parallel strips after each ion impact, as mentioned before. For a larger bias current, the redistributed current switches some of neighboring parallel strips that encounter no ion impact. Further increasing of the bias current results in the cascade switching of all parallel strips, resulting in the latching in the normal state and no sensitivity for particle impacts. Thus, the cascade switching is undesirable for TOF-MS.
Consequently, it is difficult to realize 100% detection efficiency for parallel SSPDs as long as the cascade switching occurs in high bias currents.
Type-II parallel SSPDs with series resistors
The circuit simulation has proven that a resistor serially connected to each parallel strip is effective to prevent the redistribution of the bias current, as shown in figure 11 [54] . Using resistors, the redirected bias current returns to the same strip in a certain time. The recovery time is expressed as:
where, R 0 is the series resistance. The simulation was conducted with and without small bias resistors R 0 = 1 Ω connected in series to all strips, as shown in figure 11(a) . The bias resistors are expected to suppress the current diverted into the neighbouring parallel strips I loss . Figure 11(b) shows the time evolution of the current in a single strip I SW with and without R 0 . In both cases, initial I SW = I bias /10 = 3mA, assuming that I bias = 30 mA.
Without R 0 (red lines), the I SW losses are not recovered until the other parallel strips switch.
However, with R 0 , I SW rapidly recovers to 3mA immediately after each ion event (blue line). The histograms of I load , the current diverted into the load, are compared in figure   11 (c), where 1973 and 1498 ion events are simulated in the presence (blue) and absence (red) of R 0 , respectively (normalized by peak count). Without R 0 (red), the histogram is broad. Conversely, with R 0 , the histogram is sharp, indicating that I loss is effectively suppressed, as is the case with the SSPD in a single meander configuration.
For the first trial, the resistors are realized in the aluminum bonding wires. The pulse height distribution exhibits an improvement, which is attributable to the suppression of the bias current redistribution induced by particle impact [55] . However, R 0 of the bonding wire was so small that τ recover was long, so the bias current couldn't recover its initial value before subsequent ion impacts. Therefore, in high-count-rate measurements, the pulse height distribution became broad. To avoid the bias current dynamical redistribution even in high-count-rate measurements, a faster τ recover is mandatory; that is, a larger R 0 is necessary. However, a simple connection of the large resistances to superconducting strips needs to be avoided because the bias current of the SSPDs is in the range of mA and the corresponding Joule heating results in a temperature increase of SSPDs. To overcome this difficulty, new biasing schemes are under development.
Digitization of TOF value with superconducting TDC
Although the current parallel SSPDs have a fast response time (~ns) and cover a large area (2×2 mm 2 ), the size is still small compared to the diameter of an ion beam of ~ 1 cm. One solution is setting a parallel-SSPD in an array, but multiple readout lines for GHz bandwidths induce a fatal thermal inflow that leads to a rise in the base temperature. In order to overcome this problem, Sano et al. [56] are developing the use of time-to-digital converter (TDC) based on the single flux quantum (SFQ) technology.
The SFQ TDC can produce digital data for TOF values of ions for all SSPD pixels at the low temperature stage, and therefore only one slow readout line between the 4 K stage and room temperature is necessary to transfer the TOF digital data to room temperature electronics. The SFQ-TDC contains several thousands of Josephson junctions for digitization and buffering. Currently, the SSPD chip and the SFQ-TDC chip are separated.
In future, both chips could be integrated in a single chip in order to realize the detector size of ~ 1 cm.
Conclusions
Superconducting nano-strip particle detectors represent an interesting device for several applications because they are able to detect charged and neutral ions, massive and lightweight particles in a wide range of kinetic energies. The variety of particles demonstrates the great versatility of the SSPD as particle detector. In this work we have discussed the working principle, stressing the peculiarity of particles' interactions with superconducting nano-strips and the consequence that this may have on the design of practical devices. The case of TOF-MS application has been discussed in great detail because nowadays it is the driving application. Great progress has been made in this direction which evidences the SSPD as a mature technology. SSPDs for OF-MS have subnanosecond response time, single-pixel area of mm 2 , practically 100% efficiency up to
MDa mass values and operate at 2 -5 K. The high working temperature of the SSPD is certainly an attractive property of this device. Nb and NbN have been so far the materials of choice. The recent progress with high critical temperature MgB 2 -based SSPDs opens new and more stimulating perspectives to push the working temperature above 10 K [35] .
This, together with the high efficiency already demonstrated by the SSPD at extremely large masses and the possibility of direct charge discrimination represents a milestone in TOF-MS that could revolutionize the field. Moreover, the possibility of detecting neutral and labile molecules is also promising for many applications in physical chemistry and matter-wave interferometry. Superconducting nano-strip particle detector technology certainly requires further development and exploration but it represents a positive opportunity for detection and investigation of particles which are too complex to be well detected by other means. (a) Figure 5 . Mass spectra of Angiotensin I obtained by the NbN-SSPD with the sensor size of (a)
200×200 µm 2 and (b) 50 × 50 µm 2 (after [38] ). The spectra were acquired over 10,000 laser shots. (after [54] 3   Table II . Rise-and decay-time of meander-SSPDs with increasing areas. The last line reports data of a parallel-SSPD for comparison.
